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Spin-Selective Electron Transport Through Single Chiral

Molecules

Mohammad Reza Safari,* Frank Matthes, Claus M. Schneider, Karl-Heinz Ernst,*

and Daniel E. Biirgler*

The interplay between chirality and magnetism is a source of fascination among
scientists for over a century. In recent years, chirality-induced spin selectivity
(CISS) has attracted renewed interest. It is observed that electron transport
through layers of homochiral molecules leads to a significant spin polarization
of several tens of percent. Despite the abundant experimental evidence
gathered through mesoscopic transport measurements, the exact mechanism
behind CISS remains elusive. This study reports spin-selective electron
transport through single helical aromatic hydrocarbons that are sublimed

in vacuo onto ferromagnetic cobalt surfaces and examined with spin-polarized
scanning tunneling microscopy (SP-STM) at a temperature of 5 K. Direct
comparison of two enantiomers under otherwise identical conditions revealed
magnetochiral conductance asymmetries of up to 50% when either the molec-
ular handedness is exchanged or the magnetization direction of the STM tip
or Co substrate is reversed. Importantly, the results rule out electron-phonon
coupling and ensemble effects as primary mechanisms responsible for CISS.

1. Introduction

A characteristic hallmark of life is the mirror asymmetry at the
biomolecular level, the so-called homochirality of its building
blocks such as amino acids and sugars. As the origin of this asym-
metry of life remains elusive, attempts have been made to relate
this observation to fundamental forces in the universe.[?] Be-
cause electrons from radioactive f-decay are spin-polarized due

to parity violation of the weak nuclear
force, Vester and Ulbricht pointed out
that this fact should cause either di-
rect asymmetric interaction of electrons
with chiral matter or asymmetric radioly-
sis by their bremsstrahlung.[l While Farago
and Kessler have indeed observed spin-
polarized electron scattering from chiral
molecules in the vapor phase, the ob-
served asymmetries were only of the or-
der of 10731 However, Blum and cowork-
ers calculated enantio-differential scatter-
ing of spin-polarized electrons of up to
80% for oriented molecules and proposed
experiments with surface-aligned chiral
molecules.] More recently, asymmetric
crystallization induced by polarized elec-
trons and positrons emanating from ra-
dioactive sources have been reported.”]

For ordered helical systems aligned on
surfaces, large asymmetries in photo cur-
rent depending on the sense of circular light
polarization have been reported.l®] Spin-selective detection was
then used to associate this so-called chirality-induced spin se-
lectivity (CISS) with the state of electron polarization.[®’ Oppo-
site spin polarization effects of similar magnitude were also
found for molecular monolayers of enantiomers of helical hy-
drocarbons, so-called helicenes.'”) Among the various methods
employed previously to study the CISS effect, spin-dependent
electron transport measurements through chiral molecules have
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Figure 1. Evaluation of magnetochiral electron tunneling asymmetries with SP-STM. a) On a ferromagnetic surface with out-of-plane magnetization,
magnetochiral tunneling will show different conductance for the enantiomers, here (M)-[7]H and (P)-[7]H. b) The effect will reverse on a surface with
opposite out-of-plane magnetization direction. c) For STM conductance measurements on a ferromagnetic surface with a magnetic STM tip, the con-
ductance of the enantiomers will switch when the tip magnetization is reversed.

often been applied. In magnetoresistance devices, the magnetic
reference electrode is thereby replaced by a monolayer of ho-
mochiral molecules in order to measure the spin-dependent
molecular conductance (resistance).[''?2] In many cases, such
devices have been realized with the tips of scanning probe
microscopes (STM and AFM), still contacting an ensemble of
molecules with the uncertainty of a defined contact. In addition,
break junctions have been employed.[?*-2°] However, all contact-
based transport studies suffer from poor reproducibility in form-
ing identical single-molecule junctions. Another limitation of
these experimental approaches is the inability to study both enan-
tiomers in direct comparison, as separate fabrication of the junc-
tions is required, leading to non-identical experimental condi-
tions. Finally, molecular deposition under ambient conditions
leaves the exact adsorption geometry unknown, but it is imper-
ative for theoretical modeling and simulation of the experimen-
tal results.

In this study, the aforementioned shortcomings are circum-
vented by performing spin-polarized scanning tunneling mi-
croscopy and spectroscopy (SP-STM/STS) measurements on sin-
gle chiral heptahelicene ([7]JH) molecules sublimed in vacuo
from a racemic mixture onto single-crystalline cobalt bilayer
nanoislands on a Cu(111) surface. Submolecular resolution of
SP-STM/STS allows examination of spin selectivity of individ-
ual enantiomers under well-defined conditions. This single-
molecule approach represents a major advance over previous
studies, as it allows to distinguish the handedness of molecules
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adsorbed on a substrate with a given magnetization. Hence, the
conductance of enantiomers can be compared while the elec-
trodes (same Co island and same STM tip) remain unchanged.
The direct measurement of the tunneling current through single
enantiomer molecules on the same Co nanoisland yields magne-
tochiral conductance asymmetries of up to 50%.

2. Results and Discussion

Magnetochiral asymmetries in electron tunneling are expected,
for example for enantiomers on a surface with uniform out-of-
plane magnetization. Figure 1 presents principle approaches for
identifying magnetochiral asymmetries with SP-STM/STS. Us-
ing a non-magnetic STM tip, enantiomers will show different
conductances on an out-of-plane magnetized ferromagnetic sur-
face (Figure 1la). In order to quantify differences between the
current-voltage (I — V) curves of different enantiomers, the so-
called magnetochiral conductance asymmetry (MChA) is here de-
fined as
I P~ I( M)

MChA = 2L 0 (1)
Ipy + Ty

where Ip and Iy, represent the tunneling current passing
through the (P)- and (M)-[7]H molecule, respectively. If the mea-
surement is repeated on a surface with opposite out-of-plane
magnetization direction, the I — V curves of the enantiomers

© 2023 The Authors. Small published by Wiley-VCH GmbH

B5UBD17 SUOWIWOD ARSI 3(gedl|dde 3y Aq pausenob ke sap e VO Bsn J0 Sajni oy Akeiq 1 3u1|uO 8|1 O (SUORIPUCI-PUB-SLURIALICY"AB| 1M AfeIq U1 |UO//SARY) SUORIPUOD PUe SWid | 8Ul 39S *[7202/90/.2] Uo ARigiTauliuo AB|IMm “BILeD UoIessay HAWS YdIINC wnnuezsBunyosio4 A £6280£202 |IWS/Z00T OT/10p/u0d A3 (1M AIq Ut |uo//Sdny ol papeo|umod ‘2 ‘720z ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

www.small-journal.com

a
¢ 4 ol mmm
20
g
<
s 0
w
204 ™ 2578
(P)-I7H
-40
-1.0 -0.5 0.0 0.5 1.0 S i ~0.5 0.0 0.5 1.0
Bias voltage (V) Bias voltage (V)

Figure 2. Magnetochiral tunneling conductance asymmetries. a) Constant-current topographic STM image showing adsorbed [7]H molecules that are
exclusively attached to the Co nanoislands. The inset shows high-resolution topographic images of the enantiomers. The determined handedness of
the (P)- and (M)-[7]H enantiomer is indicated by a green and red circular arrow, respectively. b) The dI/dV map recorded simultaneously with (a)
reveals magnetic contrast between Co nanoislands with opposite out-of-plane magnetization directions, here displayed by blue and yellowish false colors
(Vpias = —600 mV, I, = 550 pA, Vi, o4 = 20 mV, f,,oq = 752 Hz, 5 K, Co-functionalized W tip). c,d) Magnetochiral asymmetry MChA and enantiospecific
magnetic asymmetry EMA curves of [7]H enantiomers calculated according to Equations (1) and (2), respectively, from | — V curves measured with a
non-magnetic tip. The dark lines display the calculated values, and the light colored areas represent the standard error resulting from averaging the | —

V curves of five molecules. The values near Vy,;,; = 0 diverge due to division by small values and have been masked out.

will interchange (Figure 1b). In order to quantify the differences
between the I — V curves measured on oppositely magnetized
surfaces, the enantiospecific magnetic conductance asymmetry
(EMA) is here defined as

L= L
EMA = 2 “down 2)
Iup + Idown

where I, and I, correspond to the measured tunneling cur-
rent through molecules of identical absolute handedness but
adsorbed on surfaces with opposite out-of-plane magnetization.
Another way of identifying magnetochiral asymmetries is using
oppositely magnetized ferromagnetic STM tips plus evaluating
I — V curves of enantiomeric pairs on a surface with fixed mag-
netization direction (Figure 1c). This method does not require
measurements on different surfaces and avoids averaging of
I — V curves of different molecules. Again, the two enantiomers
on a single magnetic domain should show different conduc-
tances solely based on exchanging the absolute handedness of
adsorbed molecules.

An ideal ferromagnetic surface system for such studies is
the Co/Cu(111) surface. Triangular Co bilayer nanoislands are
formed by in situ sublimation of a sub-monolayer of Co onto
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a pre-cleaned (111) surface of a Cu single crystal. The for-
mation process, atomic structure, electronic properties, and
magnetic characteristics are well established.?*=% It has been
previously reported that the controlled deposition of organic
molecules on the surface of these highly reactive ferromag-
netic nanoislands does not impair the magnetization of the
underlying substrate.31**] By using a Co-functionalized tip,
the different out-of-plane magnetization directions of the Co-
nanoislands (i.e., pointing into vacuum or substrate) can be
determined.

Figure 2a shows a constant-current topographic STM image
of [7]H chiral molecules taken with a Co-functionalized STM tip
(see Section S1, Supporting Information). The molecules were
sublimed at 400 K from a racemic mixture under ultra-high vac-
uum (UHV) conditions onto a Cu(111) crystal covered by about
10% with previously formed Co nanoislands. During [7]H depo-
sition, the substrate was at room temperature (RT), and the de-
posited amount of [7]H molecules corresponds to less than 2%
of a close-packed monolayer (ML) on Cu(111). The Co nanois-
lands are decorated with [7]H molecules, while the Cu surface
in between the islands remains bare. This is due to a high sur-
face mobility of the molecules upon adsorption at RT and the
stronger binding of [7]H to Co than to Cu.’***] The preferential
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adsorption of molecules at the island rims is due to electronic
rim states(?®] and was discussed in detail in a previous report.[**!
In the present work, all single-molecule transport measurements
(e.g., I — V curves) were performed on [7]H molecules that are
chemisorbed in the central region of the Co nanoislands and are
not affected by island edges and rim states. Moreover, all investi-
gated molecules exhibited one of the three symmetry-equivalent
and degenerate in-plane adsorption orientations, reflecting ad-
sorption in a unique and well-defined binding configuration to
the Co(111) lattice.[*?]

Figure 2b shows the differential conductance (dI/dV) map
recorded simultaneously with the topographic image in Figure 2a
(see Section S1, Supporting Information). The different dI/dV
signal of the islands arises from opposite magnetization direc-
tions of the out-of-plane magnetized islands!?*3% and hence con-
firms that the islands are ferromagnetic even in the presence
of chemisorbed [7]JH molecules.3!3334] The dashed and dotted
framed areas in Figures 2a,b indicate two Co islands that are op-
positely magnetized. High-resolution constant-current topogra-
phy images of each selected island reveal the chirality of the ad-
sorbed molecules. The inset in Figure 2a illustrates an example
of two adsorbed enantiomers on the island with dark dI/dV con-
trast. The resolved submolecular structure can be attributed to
the topographic profile of the [7]H molecules, which adsorb with
their helical axis basically perpendicular to the surface. The hand-
edness of the molecules is reflected in the sense of rotation of the
screw-like increasing height variations, as indicated by red and
green circular arrows for (M)-[7]JH and (P)-[7]H enantiomers,
respectively.3233]

After identification of islands with opposite out-of-plane
magnetization with a Co-functionalized tip, the tip was re-
modified with copper such that no longer any magnetic con-
trast has been observed (see Section S2, Supporting Infor-
mation). With this non-magnetic tip, I — V curves from ten
molecules (five (P)- and five (M)-[7]JH enantiomers) on each
of the framed islands in Figure 2a were measured (for mea-
surement procedure see Section S1, Supporting Information).
I — V curves of single molecules and averaged I — V curves
are shown in Section S3 (Supporting Information). The magne-
tochiral conductance asymmetries (MChA, as defined in Equa-
tion (1)) between enantiomers on identical islands (i.e., with
identical magnetization) is plotted in Figure 2c as a func-
tion of applied bias voltage. The enantiospecific magnetic con-
ductance asymmetries (EMA, as defined in Equation (2)) for
(P)- and (M)-[7]JH molecules on oppositely magnetized Co is-
land (i.e., islands with bright and dark magnetic dI/dV con-
trast) are plotted in Figure 2d. For both evaluation methods
clear asymmetries are observed. Both pairs of curves are sig-
nificantly separated from each other by more than the stan-
dard errors, which clearly confirms the CISS effect at the
single-molecule level. Previous conclusions based on ensem-
ble effects at work in CISS are therefore questionable.[223%]
Interestingly, the qualitative similarities between MChA and
EMA curves suggest that exchanging the chirality of the
molecules (Figure 2c) or reversing the magnetization of the sub-
strate (Figure 2d) produce similar effects on the conductance
measurements.

To avoid the required averaging of I — V curves over different
molecules and in order to reveal true single-molecular proper-
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ties, I — V curves of a single pair of enantiomers adsorbed on a
single Co nanoisland with a fixed magnetization direction have
been acquired. Figure 3a shows the I — V curves for two enan-
tiomers recorded with a magnetized tip. The dark red and green
lines represent here the I — V curves of one enantiomer each, and
the light colored areas indicate the standard error of the single-
molecule I — V curves (see Section S1, Supporting Information).
Under these conditions, the (M)-[7]H enantiomer (red curve)
shows the larger conductance. In particular for negative bias volt-
ages, meaning that electrons tunnel from the occupied states of
the sample into the unoccupied states of the tip, a distinct dif-
ference is observed. Such I — V asymmetry for the enantiomers
switches if the tip magnetization is reversed (Figure 3b). The re-
versal of the tip magnetization upon re-functionalization above
a remote Co island is verified by the dI/dV maps presented in
Section S4 (Supporting Information), which show opposite mag-
netic contrast.

The respective magnetochiral asymmetry MChA and enan-
tiospecific magnetic asymmetry EMA curves evaluated from the
I — V curves are displayed in Figure 3c,d. Here, I, and Iy,
in Equation (2) refer to the current measured for the different
directions of the tip magnetization of the first and second tip
configuration, respectively. The different shapes and magnitudes
of the MChA and EMA curves are most likely due to structural
and electronic differences of the STM tip induced by the re-
functionalization. Such changes strongly affect the EMA curves,
for which I — V curves taken with different tip configurations are
subtracted from each other (Equation (2)). The MChA curves, on
the contrary, are each calculated from two single-molecule I — V
curves taken with the same tip configuration (Equation (1)), so
the structural and electronic changes of the tip do not play a role.
Remarkably, both pairs of curves are separated by more than the
standard errors, clearly demonstrating CISS as a property of a sin-
gle molecule. As expected for CISS, experiments in which either
surface (Figure 2) or tip (Figure 3) magnetization was reversed
lead to an effect similar to that of changing molecular handed-
ness.

A final proof of single-molecule magnetochiral asymmetry
comes from an experimental procedure in which the constant-
height STM mode of operation (see Section S1, Supporting In-
formation) is used to map current variations directly across a
single pair of enantiomers, while all other conditions (tip struc-
ture, tip height, tip and island magnetization directions, etc.) are
kept identical. A topographic constant-current STM image of the
pair of enantiomers adsorbed on a Co nanoisland is shown in
Figure 4a. The absolute handedness of the molecules, as identi-
fied by their intramolecular topographic STM contrast profiles,
is indicated. The corresponding single-molecule I — V curves
are displayed in Figure 4b. For the given magnetization direc-
tion of this Co island, the (P)-[7]H enantiomer exhibits a larger
conductance than the (M)-[7]H enantiomer under such identical
experimental conditions. Figure 4c,d show constant-height STM
images at +1 V and -1 V bias voltage, respectively, with the cur-
rent intensity displayed by brightness. The STM tip is scanned
across the sample with deactivated feedback loop at a constant
distance from the Co surface, and the tunneling current is
recorded as a function of lateral position (see Section S1, Support-
ing Information). From the brightness contrast for both enan-
tiomers in both images, it becomes clear that the enantiomers
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Figure 3. Magnetochiral asymmetries with a magnetic STM tip. a) I — V curves acquired for both [7]H enantiomers using a first magnetization direction
of the STM tip (Viap = 2V and Ig,, = 800 pA). The inset shows a high-resolution topographic image of the [7]H enantiomer pair with the determined
handedness of the molecules indicated by green and red circular arrows, respectively (Vi,i,s = 100 mV, I, = 100 pA, 5 K, Co-functionalized W tip). b) Same
as (a), but utilizing a second magnetic tip configuration with reversed magnetization direction. c,d) Magnetochiral asymmetry (MChA) and magnetic
asymmetry (EMA) curves of the [7]H enantiomers according to Equations (1) and (2), respectively. The dark lines display the calculated values in percent,
and the light colored areas represent the propagated error resulting from the standard errors of the two involved single-molecule | — V curves.

exhibit different conductance, regardless of the exact lateral tip
position on the molecules. In order to quantitatively com-
pare the current through the two enantiomers, line profiles
across the molecules (along red and green dashed lines in
Figure 4c,d) are plotted in Figure 4e,f. The larger amplitudes
of the tunneling currents above the (P)-[7]H give unequivo-
cal evidence that this enantiomer exhibits a larger conductance
than the (M)-[7]H enantiomer. The MChA (Equation (1)) in
the current peaks in Figure 4e,f amounts to 9% and 48%,
respectively.

The presented experimental results are based on individ-
ual enantiomers that are laterally separated by a few nanome-
ters. The observed magnetochiral asymmetries are thus un-
equivocal evidence that CISS is a single-molecule property.
Previously proposed mechanisms based on intermolecular
interactions[®*! or cooperative effects!??! are not needed for ex-
plaining CISS effects. All I — V measurements are carried out
in the tunneling mode with a vacuum gap between tip and
molecule that guarantees small perturbation of the molecule-
substrate system by the tip. This was multiply confirmed
by the good agreement between experimental STM images
and theoretical simulations in the framework of the Tersoff-
Hamann approximation, 3%} in particular also for the here studied
[7]H — 2 ML Co/Cu(111) system.33] Furthermore, the size of
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the measurement spot is given by the overlap of the tip and
sample wave functions, which decreases exponentially in the
lateral direction on a length scale of Angstroms, resulting also
in the high lateral resolution of STM. Thus, in contrast to
contact-based transport studies, uncertainties of contact forma-
tion, averaging over large contact areas, and molecular defor-
mation due to force interaction with the tip do not play a
role.

We emphasize that here the CISS effect was observed at
5 K. The asymmetry values of up to about 50% are simi-
lar those measured at RT for cationic [4]helicenes on HOPG
by conducting-probe AFM and using a magnetic Ni tip.[%]
In contrast, only 6 to 8% spin polarization of photoelec-
trons was observed after transmission through a ML of enan-
tiopure [7]H molecules on Cu(332), Ag(110), and Au(111).1%
However, these experiments employed photoelectrons travel-
ling 1.18 eV above the vacuum level, whereas the I — V mea-
surements presented here cover electronic states within +1 eV
around the Fermi energy. Despite the challenge in compar-
ing conductance asymmetry and polarization values of differ-
ent molecule-substrate systems and complementary measure-
ment techniques, our low-temperature data suggest that thermal
enhancement mechanisms!®’! are not essential ingredients for
CISS.
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Figure 4. CISS for a single pair of [7]H enantiomers. a) High-resolution topographic image of a pair of enantiomers with the handedness indicated by
circular arrows. The handedness of the two molecules in the middle could not be determined (Vy,,s = =1V, I, = 1 nA, 5 K). b) I — V curves of two the
[7]H enantiomers in a) (Vgap = 2 V and Ig,p = 500 pA). The light green and red colored areas indicate the standard error of the single-molecule | — V
curves. ¢,d) Constant-height STM images (5 K, Co-functionalized W tip) acquired in the same area as shown in (a) with V};,c = 1V (Azg = 0.20 nm) and

Viias = —1V (Azy = 0.15 nm), respectively. Dashed lines indicate the positions of the line profiles across the two enantiomers shown in (e,f).

3. Conclusion

Sizable CISS effects in electron transport through helical hy-
drocarbon molecules chemisorbed to ferromagnetic Co nanois-
lands have been observed microscopically under well-defined
conditions in ultrahigh vacuum at the single-molecule level by
spin-polarized STM. The minimum setup for detecting these
CISS effects comprises a single pair of enantiomers adsorbed
on an out-of-plane magnetized Co nanoisland and imaged quasi-
simultaneously with the same STM tip. Even at 5 K, magnetochi-
ral asymmetries in electrical conductance are of the order of 50%.
Therefore, coupling of electrons to phonons (thermal vibrations)
and ensemble effects due to intermolecular interaction can be
ruled out as primary mechanisms of CISS. The well-defined ex-
perimental conditions, including the specific adsorption geome-
try and weak coupling to the STM tip render the presented exper-
iments amenable to theoretical modeling and simulation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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